We report a novel all-optical approach to generate a binary phase-coded microwave signal based on a crosspolarization modulation effect in a highly nonlinear fiber. The carrier frequency of the binary phase-coded microwave signal is widely tunable. Moreover, the precise π phase shift of the microwave signal is independent of the optical power of the control beam. The proposed approach is theoretically analyzed and experimentally verified. For a proof-of-concept demonstration, the binary phase-coded microwave signals with a carrier frequency of 20 GHz at a coding rate of 5 Gb∕s and with a carrier frequency of 30 GHz at a coding rate of 7.5 Gb∕s are experimentally generated. The pulse compression capability of the system is also evaluated. The measured and simulated results fit well with each other.
We report a novel all-optical approach to generate a binary phase-coded microwave signal based on a crosspolarization modulation effect in a highly nonlinear fiber. The carrier frequency of the binary phase-coded microwave signal is widely tunable. Moreover, the precise π phase shift of the microwave signal is independent of the optical power of the control beam. The proposed approach is theoretically analyzed and experimentally verified. For a proof-of-concept demonstration, the binary phase-coded microwave signals with a carrier frequency of 20 GHz at a coding rate of 5 Gb∕s and with a carrier frequency of 30 GHz at a coding rate of 7.5 Gb∕s are experimentally generated. The pulse compression capability of the system is also evaluated. To increase the range resolution of modern radar systems, a pulse compression technique is widely used [1] . Phase coding or frequency chirping of a microwave signal is an effective way to obtain a large pulse compression ratio (PCR). Photonic generation of a phase-coded or frequency chirped microwave signal has attracted great attention recently due to its inherent advantages, such as wide bandwidth, low loss, and immunity to electromagnetic interference [2] [3] [4] . Photonic generation of phase-coded or frequency-chirped microwave signals can be realized based on wavelength-to-time mapping [2] [3] [4] [5] or optical heterodyning of two optical beams, which are separated in the frequency corresponding to the carrier frequency of the microwave signal [6, 7] . Phase coding or frequency chirping of the microwave signal can be achieved by modulating the phase of either of the two optical beams. It is equivalent to a frequency upconversion technique, which is used to upconvert an amplitude-modulated [8] [9] [10] or a phase-modulated [6, 7] baseband signal to a local oscillator (LO) frequency band. In [6, 7] , the phase-coded microwave signal is generated based on a Mach-Zehnder interferometer (MZI) [6] or a Sagnac loop [7] , where one optical beam is phase modulated. However, both configurations are sensitive to the environmental influence, which affects the stability of the system. To overcome this problem, a few approaches have been proposed based on such as cascaded polarization modulators (PolMs) and optical filters [11, 12] . However, the drawback of these schemes is that the carrier frequency of the microwave signal is limited by the optical filter, which is used to realize optical single-sideband modulation. Other schemes, which are free from the optical filter, have also been proposed based on a dual-parallel Mach-Zehnder modulator (DPMZM) [13] , a phase modulator [14] , cascaded PolM and phase modulator [15] , or a dual-drive MZM (DDMZM) [16] . It is noted that the carrier frequency of the generated phase-coded or frequency-chirped microwave signal is limited by the bandwidth of the external electro-optic modulator (EOM) [13] [14] [15] [16] . In [17] , a photonic microwave phase shifter/modulator was reported using a nonlinear optical loop mirror in an MZI. This method has the potential to generate an optically controlled phase-coded microwave signal. However, the system encounters the same stability problem as [6] due to the use of MZI. The carrier frequency of the microwave signal is not tunable because it is restricted by the free-spectrum range (FSR) of the MZI. Moreover, the precise π phase shift of the microwave signal depends on the power of the control beam. In pulse compression radars, the precise π phase shift of the microwave signal is essential to maximize the PCR. Thus the accurate management of the power of the control beam is required to ensure the precise π phase shift of the microwave signal.
In this Letter, we propose a novel all optical approach to generate a binary phase-coded microwave signal based on cross-polarization modulation (XPM) in a highly nonlinear fiber (HNLF). The carrier frequency of the binary phase-coded microwave signal is widely tunable thanks to the ultrafast response of the HNLF. Moreover, the precise π phase shift of the generated microwave signal is independent of the optical power of the control beam. The proposed method is theoretically analyzed and experimentally verified. The binary phase-coded microwave signals with a carrier frequency of 20 GHz at a coding rate of 5 Gb∕s and with a carrier frequency of 30 GHz at a coding rate of 7.5 Gb∕s are experimentally generated. The pulse compression capability of the system is also evaluated. A good agreement between the measured and the simulated results is achieved.
The schematic diagram of the proposed method is shown in Fig. 1 . A CW probe beam and two control beams are sent to an HNLF to generate the XPM effect. The control1 beam consists of two optical tones separated by a microwave frequency (ω m ), which can be provided by selecting two modes of a mode-locked laser. The control2 beam is an optically coding signal. The total power of the control beam can be expressed as P c t fP c1 1 cosω m t P c2 1 ctg∕2; (1) where P c1 and P c2 are the peak power of the control1 and control2 beams, respectively. Note that ct is −1 or 1. Inside the HNLF, the control beam induces additional birefringence, which generates different refractive index variation for the slow and fast axes of the HNLF through Kerr effect. The slow axis of the HNLF is determined by the state-of-polarization (SOP) of the linearly polarized control beam. If the linearly polarized probe beam injects into the HNLF with an angle of 45°with respect to the slow axis of the HNLF, the SOP of the probe beam will be modulated by the control beam, which is the so-called XPM effect. If the self-phase modulation is neglected, the refractive index of the HNLF is given by n s t n s;l 2n s;n P c t n f t n f ;l 2n f ;n P c t;
where n s;l (n f ;l ) and n s;n (n f ;n ) are the linear and nonlinear refractive indices of the slow (fast) axis of the HNLF, respectively. The additional phase variation of the probe beam induced by the XPM effect can be expressed as
where k p is the wave number of the probe beam, and L is the length of the HNLF. Here we assume α s k p Ln s;l , α f k p Ln f ;l , β s 2k p Ln s;n , and β f 2k p Ln f ;n . If the third-order nonlinearity of the HNLF is derived from a purely electronic response, we have η β f ∕β s n f ;n ∕n s;n 1∕3. The optical field of the probe beam after the HNLF is given by
where expjω p t is the normalized optical field of the probe beam and ω p is the angular frequency of the probe beam. A polarizer (Pol) oriented at an angle of 45°to the slow axis of the HNLF is used to project the orthogonal optical fields, E s t and E f t, onto a fixed linear polarization state. The optical field at the output of the Pol is given by
where
introduced by a polarization controller (PC), which is inserted between the HNLF and the Pol. The PC consists of quarter-wave, half-wave, and quarter-wave plates. By jointly adjusting the three plates, the phase difference between the two orthogonal components, which is introduced by the birefringence in the PC, can be tuned over a full 360°. If we let φ 0 2γ 1 γ 2 α s − α s − π, we have
Et expjΦt sinγ 1 cosω m t γ 2 ct:
Applying the Jacobi-Anger expansion to Eq. (6), we have
For small-signal modulation condition, Eq. (7) is rewritten as
A tunable optical filter (TOF) is used to remove the control beams and keep the probe beam. After detecting by a photodetector (PD), the microwave current is given by
As can be seen from Eq. (9), a microwave signal at the angular frequency of ω m is generated, and the phase of the generated microwave signal is determined by ct -1 or 1. Therefore, a binary phase-coded microwave signal can be generated. It should be noted that the precise π phase shift of the microwave signal is independent of the power of the control beam, and the carrier frequency of the phase-coded microwave signal is widely tunable. Physically, the principle of the proposed method can be explained as follows: the probe beam that launched into the HNLF with an angle of 45°with respect to the slow axis of the HNLF undergoes asymmetric phase modulations on the slow and fast axes of the HNLF due to the XPM. After polarization-to-intensity conversion by the Pol, the phase-coded microwave signal is generated by switching between the two opposite transmission slopes of the equivalent intensity modulator. We also carried out experiments to verify the proposed approach. The experimental setup is shown in Fig. 2 . For a proof-of-concept demonstration, the control1 and control2 beams were generated using the same optical carrier from a laser diode (LD1) emitting at a wavelength of 1553.896 nm. A sinusoidal microwave signal from a microwave source and a coding signal from a pulse pattern generator (PPG) were combined by an electrical power combiner and driven to an intensity modulator, which was biased at the quadrature. In the first experiment, the microwave signal was set at a frequency of 20 GHz, and the PPG operated at a speed of 5 Gb∕s with a fixed pattern of "0101." The control beam was amplified by an erbium-doped fiber amplifier (EDFA1) to a power of 15 dBm. The CW probe beam was provided by the other LD2 emitting at a wavelength of 1550.025 nm with a power of 7 dBm. Two PCs (PC1 and PC2) were used to adjust the SOPs of the control and probe beams. The control and probe beams were combined using a 3 dB optical coupler. The measured optical spectrum at the output of the optical coupler is shown in Fig. 3(a) . The combined signal was launched to a 1 km HNLF, which has a nonlinear coefficient of 10 W −1 · km −1 and a zero dispersion wavelength of 1552 nm. Another PC3 and a Pol were cascaded after the HNLF. The PCs and the Pol were adjusted as described in the previous part. The measured optical spectrum at the output of the Pol is shown in Fig. 3(b) . The probe beam was modulated by the control beam due to the XPM. After the Pol, a TOF with a bandwidth of 0.65 nm was used to remove the undesired control beam. The other EDFA2 was used to boost the probe beam. The optical spectrum at the output of the EDFA2 is shown in Fig. 3(c) . Finally, a PD with a bandwidth of 40 GHz was used to detect the optical signal. The generated binary phase-coded microwave signal was captured by an oscilloscope. Figure 4(a) shows the measured noncoded sinusoidal microwave signal at the carrier frequency of 20 GHz when the output from the PPG was disconnected. The binary phase-coded microwave signal with a coding rate of 5 Gb∕s and a fixed pattern of "0101" is shown in Fig. 4(b) . Phase jump between the adjacent coding signals can be clearly observed. The extracted phase information from Fig. 4(b) using Hilbert transform is shown in Fig. 4(c) . It can be seen that precise π phase shift between adjacent coding signals is successfully achieved.
To evaluate the pulse compression capability of the proposed scheme, the PPG was operated at the same speed of 5 Gb∕s but with a 16-bit fixed pattern of "0000 1111 0101 1001." The binary phase-coded microwave signal is shown in Fig. 5(a) . The autocorrelation of the measured phase-coded microwave signal is shown in Fig. 5(b) . The inset shows the zoom-in view, which indicates an FWHM of 0.21 ns, corresponding to a PCR of 15.24. The peak-to-sidelobe ratio (PSR) is calculated to be 3.55. The simulated autocorrelation is shown in Fig. 5(c) , where the inset shows the zoom-in view. The PCR is calculated to be 16 and the PSR is 4. A good agreement between the measured and simulated results is achieved.
The second experiment was carried out to show the frequency tunability of the proposed approach. This time, the carrier frequency of the microwave signal was set to 30 GHz. The PPG operated at a speed of 7.5 Gb∕s with a fixed pattern of "0101." Moreover, in order to show that the precise π phase shift of the microwave signal is independent of the power of the control beam, the optical power of the control beam was set to be 12 dBm, which is 3 dB lower than that in the first experiment. The generated microwave waveform without phase coding is shown in Fig. 6(a) , while the binary phase-coded microwave signal is shown in Fig. 6(b) .
The discontinuous microwave signal clearly shows the π phase shift. The extracted phase information from Fig. 6(b) is shown in Fig. 6(c) , which confirms that the precise π phase shift of the microwave signal is independent of the power of the control beam. The PPG was then operated with the 16-bit fixed pattern of "0000 1111 0101 1010" at 7.5 Gb∕s to investigate the pulse compression capability of the proposed approach. The measured waveform is shown in Fig. 7(a) . The autocorrelation of the measured waveform is illustrated in Fig. 7(b) . The inset shows the zoom-in view, which indicates a PCR of 15.67. The PSR is calculated to be 3.87. The simulated autocorrelation shows a PCR of 16 and a PSR of 4, as shown in Fig. 7(c) where the inset shows the zoom-in view. Again the measured result fits the simulated one very well.
In conclusion, we have demonstrated a novel alloptical scheme to generate binary phase-coded microwave signals based on the XPM effect in an HNLF. The significant merit of this scheme is that the electrical bottleneck can be overcome thanks to the ultrafast response of the HNLF. The HNLF can replace the function of a PolM with all-optical operations. Thus the carrier frequency of the phase-coded microwave signal is widely tunable. Moreover, the precise π phase shift of the microwave signal is independent of the power of the control beam. The pulse compression capability of the system has also been tested. The measured results match the simulated ones very well. The proposed all-optical approach has the potential to realize uninterrupted transmission of the phase-coded microwave signal over fiber across different networks to the remote radars.
